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During the period of this contract 20 manuscripts (abstracts and

reprints attached) were published or accepted for publication. Six manu-

scripts have been published or submitted for publication in the last period

(January 1983 - September 1983) of this contract. Since the manuscripts

are attached and the contract will be continued, only a short description

of the major scientific progress is given here.

1. Ballistic Transport:

We have performed Monte Carlo simulations of high energy transient

electronic transport for GaAs, InAs and InP including the effects of con-

tacts and a realistic bandstructure. We found that ballistic transport and

high drift velocities are possible only over distances smaller than 1500 a.

Our results are currently used by many groups to design high speed field

effect and heterojunction bipolar devices.

2. Emission of Hot Electrons from Silicon into Silicon Dioxide

Our model calculations of this effect have shown that the emission

takes place because of collision broadening effects due to the electron-

phonon Interaction. This means that the effect cannot be "scaled away"

and will be important also for voltages much below 3V (the band edge dis-

continuity). Our findings have been confirmed experimentally by Muller

and his group at Berkeley and will be iportant for the design of submicron

KOS transistors.

3. Not Electron Shockley Equations

We have derived a set of equations which generalize Shockleys

lquations and include in a straightforward fashion hot electron effects

(also diffusion).
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4. Superlattices

We have developed a theory of superlattice bandstructure and

found (Report #4) that by using two indirect semiconductor materials and

zone folding it properly a direct superlattice material can be created.

This indirect-direct transition is now investigated by several groups in the

U.S.A.

A review on superlattice transport including some novel real space

transfer application has also been written.

5. Deformation Potentials

We have developed a theory of deformation potential scattering in

superlattices.

6. Random Superlattices

A theory of random superlattices has been developed together with

J. D. Dow.
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BAND-STRUCTURE DEPENDENT IMPACT IONIZATION IN SILICON AND GALLIUM

ARSENIDE

J.Y. Tans, R. Shichijo, K. Bas and G.J. Zafrate*
Coordimated So.mo Laboratory and Depaownt of EZectroalZ Nineving, nfive.-

oity of ZZinoio at Urbaria--Chvuyugn, Urbana, XiLLfnoi., U.S.A. 61801
-U.S. Amy Zaotz'onoe 2'.WZ anog .d Datco* Laborator'y, Ft. M5fouth, New Jweqe
U.S.A. 07703

.98006 - Noe avons dieloppd use simulation par Ia mithode de honte Carlo pour du
Silieim t do I'AsGa en Inclsaat un. structure de bonde rialiste. La taux d'ioni-
sation par impact at lee vittsses do dirive en rgiam continu sou forts champs Slec-
triques (>100 kV/cm) out its calculi, & diffgrentes tempartures.

Abstract. - We have performed a houte Carlo simulation for GaAs and Si with the
realistic band structure included. Steady state impact ionization rates and drift
velocities under high electric fields (, 100 kWls) were calculated at various
temperatures.

1. Introduction. - Impact ionization is an essential mechanism in the operation of
semiconductor devices such as avalanche photo-diodes or transit time devices. The
dependence of Impact ionization on the crystallographic orientation has attracted

substantial Interest becuase of its relevance to noise and other phenomena in these
devices. This depemdence, howver, i not shown by any of the theories as given by
Wolff (Il. Sbockley [2). and;3araff (3], since none of them include a realistic

band structure.

We have developed a caolete theory for Impact ionization and generally high

field transport in semiconductors by combining a Monte Carlo simulation with the

realistic bead structure calculated by the empirical pseudopotential method. We do

take into account scattering by all possible phonon types, the change in the density

of states high in the band, the exact velocity 1 VE(t) (no effective mass
approximation), the collision broadening of the electronic states, and the tempera-

ture effect.

Details of the model and the results for GaAs at 300 K can be found in two of

our previous papers (4,51. In the case of Si, the first two conduction bands were

included. Besides the X-X scattering we also include the X-L scattering in Si.
In Section 2, we describe briefly our model and point out its differences from the

comelory used model. The effects of the inclusions of the second band and the

transition from X-L in Si are discussed in Section 4.

2. Theoretical Model. - The model for Fonte Carlo simulation has two main ingredi-
ents: (i) the band structure and (ii) the scattering rate. We describe briefly in

the following the different features that have been included in our model and the

advantages it has over other models.

t~ 4.~.\ 7t



Deformation potentials of superlattices and interfaces
K. K. Mon
Cw*WdS Mon 146ey" Uxbuuto ofIW wll~e M,*aw -Clmp4 Urba.. Iilne 61501

K. Hs
DV&VWtW oW Slow"ca IqShaftwf ead C&%wd Scienc Lab.wwoy Uidwah, of IMigL as

~ur"-ChemWuop U"" aa wlfact0

J.D. Dow
Le,.uk Lahwwp q/ PA~ &W MM&*he Rwnw Labwvep Uniwe qff iine at Uvbam-Chamr

Ilaosivmi2 23Fbr 1981; smposd 20April 1911

We present a th&ory of deformation potential electron-phonon scattering in the bulk, in
superiattices, and at interfaces of semiconduct Expressions for the acoustical deformation
potential constants are obtained in closed form for bulk semiconductors and for a monolayer
supedattice. Defoarmation potetial constants are evaluated numerically for superlattices of
varios thicknesses. Tbe results ar in good agreement with available experiments and provide a
detailed understanding of deformation potential scattering.

PACS numbeds: 72.10. - d, 73.40. - c, 72.10.Di

One of the dominant scattering mechanisms of carriers in are in very good agreement with experimental results. The
smicLnductor involves l6n wavelength acoustical phonons. theory is applied to semiconductor superlattices and closed
It was fist pointed out by Bardeen and Shockley' that such form expressions for the deformation potential constants are
interactions can be described by a deformation potential. The given for monolayer superlattie Results for lattice-matched
bosi assumption is tht the local lattice deformation produced AlAs/GaAs superlattices of various thickness are obtained
by the phonons is equivalent to a homogeneous deformation numerically. To our knowledge this is the first calculation of
of the crystals. The strength of this coupling, the deformation deformation potential constants for interfaces and superlat-
potential constant [Z(k)] is then determined by the shifts in tices using realistic models of band structure. We show that
the (uth) energy band (at momentum k) per unit of dilation for most practical case the differences between superlattice
Q - V/V) produced by the acoustical wavem and bulk deformation potential constants ar small. The dif-

ferences that do occur include a new "'edge" scattering
Z,((k) . (1) mechanism and are caused by band-edge discontinuities.

The electronic energy bands of a system of ions and elec-

An undertanding of deformation potential scattering is.of trons can be written as,
fmaa mctnefor transport, optical, an o()ther(k - . 2

V aperde of bu lconductors and supedattices. Despite E,(k) - E.SS(k) + EO. (2)

advance in decan, band structure calculation, there have
been only a few cakmletions' of thie podentia where E0 is related to the ion-ion self-energy and is usually
cont for a few lcted Ibulk s -emoducto and none in C MI such that the zero of 4r(k) is at the maxim u n of the
saperlMttm The main difficity is that the required valence band. Eo contains contributions involving ions and
shift of the band edg is beyond mnt empirical band structure electrons (see Kleinman, Ref. 5). It is density dependent and
calculetino where the relative band edges are fitted to agree Is very difficult to evaluate in general. Under dilation or
with pedimental observations. (See Kleinman, pd. 4.) As changes in the lattice constants, a shift of the energy bands is
a consequence, the deformation potential constants for the Produced,
bulk an usually deduced from transport and optical mea- 5E.(k) - 6E.Bs(k) + 6E .  (3)
surments with various fitting schemes, often resulting in a
rang of experiiental estimatese Although E0 is difficult to calculate, small changes in Eo

In this paper we sumnkarize a theory for the defonation can be easily approximated by an extension of techniques used
potential scattering by long waveleth acoustical phonons by Chadij in his ground state calculations involving total-
in bulk semconductors and we extend the theory to super- energy minimization of surface atomic structures. One con-
lattices and Interfaces. We show that the absolute shift of the siders a sum over the occupied single particle states,
band edg can be obtained using an equilibrium sum rule.
Exproslom for the deformation potential constants are ob. E -=_ E.8s(k) + Nt.E, (4)
taied in clued form for bulk semiconductors and the results 11A

S A Ve". M TuMNIVeL, W(3, SOPS/Os. MI 55n1m050e44"s.N -0 1m61 Amm VeMMmawSml, $m4



Sd St Camunuaac u Vol. 40, pp. 371-373. 0038-1098/81/400371 -03S02.00/0
Popgunn Pr. Lad. 1981. Printed in Gnat Britain.

DEFORMATION POTENTIALS OF BULK SEMICONDUCTORS
K. thu

Department of Electrical Engineering and Coordinated Science Laboratory, University of inoi at
UebauwChampaln, Urbana, IL 61801. USA.

and
J.D. Dow

Loomis Laboratory of Physics and Coordinated Science Laboratory, University of Illinois at UrbanaChampaip,
Urbana, IL 61801, U.S.A.

(Rculed 12 ay 1981 by. rauc)

A theory of deformation potential electron-phonon scattering coeffi-
cents is preented for elemental and compound semiconductors.
Explesions for t acoustical defonoation potential constants at

W tiY points aw obtained in cloud form for direct-pp bulk semn.
conductors. Tb. defIoation potential vs k is predicted for GaAs.

W THIS PAPER we pUet a simple but succsuul example of the following one electron Hamiltonian:
thewy of dilations! deformation potentias for semi-
oduct obtaining analytic .xpresdoms for bulk H - p212m + V(rj; R) + S(ri; R).

difenaoua potential constants in term of empirical
toondlas energy bend p H the Crystal potential is V(r; R) the ion coordinates

The Idea of a defomation potential wa first are denoted R, and de self4nteractions are contained in
euate by 9hr6M and Sebocidey [1 ], who pro. the uelfenoW S(r,; R). The band structure E.(k) can be
prd that acth o,,ic phonon be imu, calculated for this model,
hed by lattim defomations, permitting {paI2i + V(r;R) +S(r,;R)) , .
an to =klclat t ulrro.hus wetterimg) ~r;R~ ,*r -Ek~~)
deiar k t 0 f a Ciet ttS Or, a in the present as, determined by enspiricafly
Z%(k) by w2I4I3 th bend sUtruct to fit order in fitting daft. SInce S(Srj; R) is unknown, E4(k) is not
th .bmP of lattice .omrsnt da: folayspcily d. Onlyet) - Sa is determined

by the uual bare bnd structure calculation. Homo-
= 4L) 4kaf)+Zeft3dcLft). geneoua deformatlon of the lattice "c eg both the

rsa potential V ad the seiffeneg S. However, the
down of the average self-energy resulting from defor-

Thu &N the =W110 il contt ZwGS) Is pro . mto can be determined by the requirement that the
phtloe to ft divadv of fe w bad with total energy be a minimum at equilibrium, as demon.

.1p.t0 t & a. u t a,. & iOm, for clarity of tated by Chad [41.
piu tti ", we hne avoided the tensor character of
Zjr)byuaklet nly pu a tlu ala : deLd#L W 0" dea(k)/daL-NdSIdaL,
S n V/7 - 3i41ta; acrmplete dlamunon of the ,,
mci chuate wilt be pubMisheuratsly.) o

JAW Ade by 10daa (21, the an mab difliculty
ila #drpu" defammoom vpotnaw contants m ari/de - N-t .' de.(k)/dt a U1/6.

* barreda d ftSola 0110140, usanbody selfnergy N

.mglbuWstm (1. We eftmlfet the direct calultion
of ft ody mn by aft, si riule 3,41 wh.-,e primed sums are restricted to the N occupied

pseo t in tm of emily caluable on-body 31 , states and we have made a crude approximation
qm* to the tota energy. Thus the deformation potential

To Auerase this point, am consider the simple constant is

371
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Random superstructures

John D. Dow and Shang Yuan Re*
Departetat of Phsiks and Coordinated Science LaboatoA Unversity of Illinoir

at Urana-Champaign, Ur na llinoir 61801

Karl Hes
Dqatmst of lKtial Engineering and Coordinated Sciete Laboratr, Unitvrsity of Illinois

at Urbna-Campaign, Urbana, Illinois 61801
(Received 6 July 1981)

Predictions of the densities of states are given for various forms of controlled random
disorder in artificial multilayered materials or superstrnucures.

L INTRODUCTION - tunities to directly determine the extent of I
tion of states and to study the impending onset

With the development of techniques' for fabri- Anderson localization3 as a function of i
caring artificial, multilayered, periodic materials, it size. One dimensional random systems are corn
is possible to study controlled randomness and its paratively well understood theoretically; num
effects on electronic states of matter. A hint of models have been solved exactly and even more
the suitability of such superstructured materials for have been thoroughly studied.
randomness studies was contained in the early For electronic states in semiconductor super-
work of Esaki and Tsu,2 but since then the greatest structures three theoretical regimes present them
experimantal effort has been to remove randomness selves: the regime of localized deep-trap-like
from supetsuctures and to make the interfaces states,4 the mixed regime of localized and exten
between layers abrupt and atomically smooth. states, and the regime of extended states descri

Supertruct with two types of randomness by effective-mass theory.5 The most interesting.
can be grown: randomly vatying layer thicknesses the one-band effective-ms theory of carrier
and radom layer compositions. Both metallic and motion, which we shall consider. This regime

uicndactor sup ruum have been grown, two subregnics: the quantum well limit' in which
and the idm of this paper *11 be applicable to ei- the effective-mass electron's de Broglie wavelen
ther however, for ddlnitenes we confine our at- is comparable with or bare than typical super- .
tention to ps t compoed of layered - structure dimensio, and the classical limit in

pem uit OasAl 3 aA, whereth ran- wbich the decironic spectrum is characteristic of
dar variables ae the layer thicknesses d and alloy classical pticle coiding with barriers. In this
compotions x. We envision that the stochastic paper we shal restrict oar attention to the quan-
variables d and x an determined by a random tua well lii "s  '
nm meru tr daft the superstructure growth The standard theoretical questions to be

prom and that the qua fitie am preserved for nswered by any theory of disorder are as follows:
the analyses of data taken from the supermructured (i) What is the ensemble-averaged density of states
sample. for the random system? (ii) Are the band gaps of

The resulting disorder is controlled, finite in ex- the ordered structure preserved in spite of the dis-
teant, and essentially one dimensional. Its con- order or annihilated by it? (iii) Can selected types
trolled nature is a valuable aid to understanding of disorder introduce gaps into a spectrum that
random systems, because few such systems have would otherwise be continuous? (iv) To what ex-
been fabricated before. Moreover, controlled- tent does the disorder produce localized states, is
disorder superlattices offer the possibility of study- diffusion possible, and what is the transmission
ing heretofore unimagined combinations of order coefficient for an electron in a random superstruc-
and disorder, such as periodically stacked alternat- ture? (v) What are the effects of "many body" in-
ing ordered and disordered arrays. The finiteness teractions between electrons confined to adjacent
of the artificially produced disorder offers oppor- layers and can they produce one-dimensional

25 6218 @1982 The American Physical Society
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HOT ELECTRON DIFFUSION IN FINE LINE
SEMICONDUCTOR DEVICES

W. T. JoWWs and K. HEsS
Department of Electrical Engineering aad the Coordinated Science Laboratory. University of Illinois, Urbana,

IL 61801, U.S.A.

and

G. 1. IAMATE
U.S. Army Electronics Technology and Devices Laboratory. Fort Monmouth. NJ 07703, U.S.A.

(Recded 23 October 1961; in revised fom 12 JmauM 192)

Aamas-We present a simple formalism to include hot electron diffusion into device modeling programs. The
eectiveness of this method is iflustrated for a DMOS-structure and the permeable base transistor. However, the
formalism is pneral and can be applied to any semiconductor device.
'L RT. UmtoM - current densities. Below we demonstrate the effect of

It is well known that the drift velocity of electrons properly including the carrier temperature and mobility s
saturates at high electric fields. This is a consequence of as function of j F and show the significance of this
the high carrier energies and increased scattering rates, effect for both the diffusion current and the hot electron
Stratton(l] derived a simple formalism to include also mobility in devices. The Permeable Base Transistor
the changes of the diffusivity D in high electric fields. He (PBT and the Double-Diffused MOS transistor (DMOS)
showed that if a Maxwellian distribution with a small will serve as examples because they exhibit both high
drift term is assumed, the difusivity is electric fields and substantial char gradients. No.

attempt was made to precisely determine the diffusion

D = U T (I) constant. Thus these analyses are qualitative rather than
q quantitatide in namure and the results should not be

considered exact. The advantage of our model is that
which is formally ideatical to the Einstein relation. Here computation time in device modelling programs should
p is the mobility, k is Boltzman's constant and T, is the not greatly increase when our procedure is used.
carri temperature, not the temperatur of dte crystal
la Stmtton derived (1) with the assumption that the I. ANALYnC& c1m1111U5M
scattering rate depends on the spatial coordinate only Part of the following treatment of high field diffusion
through the carrier temperature. His assumptions also in devices has been suggested before for CCD's7]. We
exclude anisotropies in the diffusion constant as well as outline the approach here in more detail and emphasize
nonlocal effects introduced for example by time depen- the generality. It is important to notice that the mobility
dent friction. These complications will be discussed at and diffusion constant are not single valued functions of
the end of the paper where some important references to the electric field F. The rson is that the carrier energy,
more exact treatments are given, which ultimately determines j% and D is a function of

The main purpose of the paper is to present a method J. F. the power input per unit volume as mentioned in the
which maximizes the physical input in the treatment of introduction.
electronic diffusion in device modelling, while simul- For carrier concentrations n Io 10"cm- ' an electron
taneously minimizing the necessary additional com- temperature T, can be defined and the mobility, as well
putational effort. as the diffusion constant, becomes a function of T, For

Although the method we present is more general, it is n 4 10" cm- ' an electron temperature T, cannot be
meant for application to silicon devices with defined as the carrier distribution function becomes non-
dimensions ;0.25x 10'rcm and for time scales P Maxwellian. However, one still can define an average
S x 10- 12 sec. electron energy and the considerations below still apply

The key point to note in (I) is that T, is an increasing except for the appearance of statistic factors which leave
function of F. j while At is a decreasing function of F. J. the treatment qualitatively but not quantitatively valid.
F is the electric field and J is the current density. In many Let's assume for the moment that T, can be defined. The
device models the assumption has been made that the characteristic functional dependence of the mobility on
carrier temperature. T. is equal to the lattice tem- T, in silicon is then(S]
perature. T.,. This has often given the impression that
diffusion currents are unimportant12-6). However. for gsu - V( TdT.). (2)
high electric fields and large charge density gradients this
assumption causes considerable error in the calculated Here, TL is the temperature of the crystal lattice; eqn (2)

1017
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Investigation of Transient Electronic Transport
in GaAs Following High Energy Injection

JEFFREY YUH-FONG TANG AND KARL HESS, MEMBER, IEEE

Afthut-We present Monte Carlo simulatlons of the transent be. by Ruch) to simulate injection over a (hetero)barrier. The
haviog of electrom injeted Into CAs at high enellie and accelerated electric field is chosen to be constant over the whole distance
(decelerated) by constant eeic Rlds. Our calculatiom diffe from of the simulation, in contrast to the choice of the self-consis-
previous calculation due to the Induio of a realistic band sructure tent field by Shur (3]. The reason for this is the following:
(empirical puudopotentil) and the injectiom of electron at h
m i (e.g, via a hsteroeie). The rslts show that a naow Within the CFW, the electron velocity does not vary strongly
" m window- (CFW) exists with respect to paramte, sch over the device length %ecause the electrons are already injected
a the extemnal electric field, the irjection ee ey, th exateral veltam, at high velocities (in contrast to the cases considered by Shut).
ad the seseloonductor dimesmioes. Within this window averap sf- Therefore, the carrier concentration is rather constant and the
trmn velocities of -S x 107 CM/ can be achieved overd o electric field induced by the carriers is of minor importance.
10- cm in emitter (source)- ad bewlike sMutues Voltag (fied)
pumue typical for the collector (drain) are far outside the CW an In all other respects our calculation is standard. We do not
allow only for much reduced (by a tator of -10) dectran vdedti@, include the intracollisional field effect [71 because it would
We abo 1i thermal nois in "ballistic devices" and show that the greatly complicate the computations. In the CFW it also
noise equivalent temperature can be excdinly high would make only minor contributions since the electric fields

in this window are small.
With respect to device applications, the result of the calcula-

I. INTRODUCTION tions can be summarized as follows: On a length scale of 1000
S INCE THE FIRST calculation of transient electron trans- A, emitter (source). and base-like structures may show effects

port in short-channel FET's by Ruch [11, overshoot phe" typical for collision-free transport (if carefully designed);
nomena of the electron velocity on very short time and length collector(drain)-like structures will not.
scales have attracted considerable attention [21-[5). Shur
[31 and Shur and Eastman (51 added features of space charge 11. PHYSICAL MODEL AND METHOD OF COMPUTATION
limited conditions to the velocity overshoot. They investigated As discussed above, we consider high energy electrons injected
the initial transient and called it the "near ballistic" regime. As eg., we consir e electri ieldThe term "ballistic" is difficult to define and is currently into GaAs (e.g., from AlxGa,..xAs or 5-like electric fields
appe trm "alldesric"e dfice ptro ten and dimensions. created by spice-charge layers). The transition is assumed to
applied to a wide range of device parameters and dmnis.beabutie.thelcrnp stekntceegyA adaInvestigations in [3) and [51 indicate that "near ballistic" abrupt, i.e., the electron gains the kinetic energy it and a
transport over larger distances (>1000 A), is achievable, necessi- forward momentum AJ when transferring to the GaAs with-
tates injection of electrons at higher energy. High energy out any energy losses.
injection was also discussed by Hess [61 for low temperature As illustrated below, the calculations of the self-consistent
transport free of scattering events over extremely large distances field resulting from external voltages and electron redistribu-aL 10 4 c (for electron energies below 0.036 eV). tion in the GaAs is a difficult problem and depends on many

The criteria for designing devices and choosing materials such details, most importantly:

that high transient speeds can be advantageously achieved using i) the boundary conditions of the injection,
high energy injection are the key issue of this paper. We ii) the statistics of electrons and impurities in the GaAs,
approach the problem by a Monte Carlo simulation which iii) the level of injection, and
includes the details of the band structure as calculated by the iv) the velocity distribution and the injection energy.
empirical pseudopotential method. The electron is started at Let us assume that our device is short in the x-direction but
higher energy values (not at the bottom of the band as done rather wide in the y-direction. We then can still define average

M quantities such as the density of electrons in a meaningful wayManuscrpt received March 15, 1982; revised July 26, 1982. Financial and use a continuum picture as follows: if the distribution

support (or this work was provided by the US. Army Research Office fu
and the Electronics Technology and Devices Laboratory, Fort Mon- function is denoted byf we define electron density
mouth. RI.

J. Y.-f. Tang was with the Department of Electrical Engineering and
the Coordinated Science Laboratory. University of Illinois. Urbana, IL 2 foL  fm
61801. He is now with Thomas J. Watson Research Laboratory, York- n(X) - dyJ df (I)
town Heights. NY 10598. (21L 0K. liess is with the Department of Electrical Engnecring and the
Coordinated Science Laboratory. Univeety of Illinois, Uabana, IL
61801. or the current density as
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ELECTRONIC BAND STRUCTURE OF (001) GaAs-AlAs SUPERLATTICES

K.K. Mon*

Coordinated Science Laboratory, University of Illinois, Urbana, IL 61801, U.S.A.

(Received 15 October 1981 by F. Barumi)

We present the results of a theory of electronic energy bands of super-
lattices using an application of a recent novel empirical tight binding
method. The theory is applied to GaAs-AlAs (001) superlattices with very
good agreements with available experimental results for both the direct
and indirect energy gaps.

SEMICONDUCTOR SUPERLATTICES of alternating with nearest and second nearest neighbor interactions.
layers of GaAs and AtM have been the subject of exten- The band edge discontinuity is incorporated by subtract-
sivy investigation [1]. These superlattices provide a ing the valence band discontinuity from the AlAs
means of studying properties of electrons confined to diagonal bulk parameters. The second nearest neighbor
two dimension as well as new materials with properties interactions were used to improve the shape of the bulk
very much different than their bulk constituents. Some conduction band.
of the experimental results [21 can be explained on the We have used a method similar to that of SM with
basis of a one dimensional Kronig-Penny model where some exceptions. We used a recent novel empirical tight-
the AlAs layers are assumed to form potential barriers binding method [71 which is able to provide good
confining the electrons and holes of GaAs. The barri description of the conduction bands as well as the
heights are obtained from the band edge discontinuity, valence bands of bulk semiconductors by introducing an
For a more detailed understanding of the electronic excited S state into the Spi minimum basis with nearest
structure of these superlattices, two calculations [3,41 neighbor interactions. This method provides a conveni-
using empirical pseudopotential (EP) and one calew ent and reasonably accurate representation of the bulk
lation IS] using empirical tight-binding (ETB) have been band structure for a wide range of semiconductors (71.
reported. These calculations have bean recently di. As in SM, the valence band edge discontinuity (21 is
cussed (6] and compared to experimental results. The taken to be 15% of the direct ap differences of GaAs
authors (6] noted that only one of then calculations and AlAs and is subtracted from the AIt diagonal bulk
[4) Sim results in reasonable agreement with exper- paraeters. The resulting matrix of dimension
imental data. In this communication, we present the (n + m) x 10 [for (GaA),(A A)n superlattil is
emts of a tight-binding theory for sperlattice ust diagonalized numerically to obtain the electronic enery

an application of a recent novel empirid tght-binding band structum. The available experimental data on the
method. Results for the direct and indirect band aps direct and indirect band gaps ar very few. To test out
of a rase of monolaye of AIM and m layers of GaAs theory, we have performed calculations on the sstes of
superlattces [(Gat),(AIA)t I form- 1,2,3, and 8 monolayer superlattices (GaAs)n(AtM), for which vory
ar compared to experimental results. The theory pro. good experimental results have been explicitly given [81
vides a good description of the energy gaps over the (form- 1, 2,3, and 8) including the indirect band pp
entire ranp of these superlatttces. for the m - I cae. See Fig. 1. Given the theortical and

The tight-binding methods as applied to super- experimental uncertainty (such as accuracy in descnp.
lattices with alternating layers of GaAs and AIM have tion of the bulk band structure. band edge dircontinutty
been discussed in detail by Schulman and McGill (SM) and layer thickness fluctuation), the rather p od agree.
IS 1. Their methods employ an enlarged unit cell which ment for the m - I case (both the meatured direct and
then describes the superlastice periodicity in the (001) indirect gaps are close to the calculated valves) may be
direction. The astoma in each layer are described by fortuitous.l'e overall agreement over the wide rane
tight-binding parameters of the bulk using aS Sp basis of m - 1. 2.3, and 8, however, indicates that our theory

indeed can provide a good description of the superlattice
Present address: Department of Physics, Carnegie. energy bands within the Slater-Koster (91 interpolating
Melon University, Schooley Park, Pittsburgh, PA scheme. As was noted in [61, theat EP calculations [41
1213 U.S.A. differ from the experimental resAts by about 60 meV
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Electronic Band Structure of a Model AlP-GaP
Superlattice: Indirect to Direct Transition

K. K. Mon
Department of Physics

The Ohio State University
Columbus, Ohio 43210

Abs tract

In this letter we present the first detailed calculation

of the electronic band structure of a model (001) Al?-GaP

superlattice. The results of the model calculations indicate

that a superlattice comprised of indirect AlP and GaP may be-

come a direct semiconductor with a wide band gap (-- 2.3 ev).

Simlar transition for other indirect semiconductors are also

predicted.
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HIGH ENERGY DIFFUSION EQVATION FOR POLAR SEMICONDUCTORS

J. P. Leburton and K. Hess

Department of Electrical Engineering and

SCoordinated Science f.aborator%
L'niversity of Illinois at Urbana-Champaign

Urbana, Illinois, U.S.A. 61801

iie present a novel method to expliciti. solve the Boltzmnn equation for highly ener-
getic electrons interacting with polar optical phonons and scattering mainly In for-
ward direction. Our approach redutce, the collision inteerai of the Boltzmann equation
into a differential operator which is much easier to manipulate than the integral form
and does not require a relaxation Lime approximation. The spatial diffusion of highly
energetic electrons is calculated and discussed In context with high speed velocity
transients ("ballistic transport"). F.xplicit results compare favorably with sophisti-
cated Monte Carlo simulations and are well suited to treat complex transport problems
in submicron LII-V devices. As an exanpLe we calculate the current voltage character-
istic of a "camel-back diode".

In polar swmiconductors and for highly energetic I-'

processes, the scattering of the charge carriers
hy polar optical phonons (P.O.P.) is mainl:. In -

the forward direction. i.e., ,'th conservation 4
of the electron momentum direction. 'Under these C-
circumstances, the collision integral of the-.
Baltzmann equation is reduced to a differential
operatur [1,21 c/

%.Op. •- . 3:
f + ILE (1

0 . P .1]0 1 2 3 4" 5 6 -a 0 I z

which is much easier to manipulate than the 'EMW

integral form. Here c is the carrier energy, Figure 1: Spatial evolution distribution at
I I JOOK. The starting distribution functionl/" Is the spontaneous P.O.P. emission rate, ('-function) is represented by the vertical Line

-is the P.O.P. frequency, and t is a factorat . " ,,3an4arfr
" -at • gh . 1,2,3, and 4, are for

depending on the temperature T, given by

x / 7 - 0.25.2,4, and - respectively.
S-Z 2 /

S-C (2) Solid line: equilibrium distribution given by

I +e Eq. (3)

with z a 1tlk T. Dotted line: %laxwell-Boltzmann distribution

The differential natureof the collision opera- under the influence of the P.O.P. scattering,
tor, which is of Fokker-Planck tve, is well mainly emission, it drifts toward low energy
adapted to treat the stochastic processes of and is broadened. The "drift coefficient" in
non-equilibrium phenomena. Moreover, the
soation of the Boltzmann equation does not
r,luire the relaxation time approxmatiun, and enercy space is aiven by . nd represents

cr, 4reener U solutions can easily be derived. the spontinwiuus P.O.P. .miion, It i,4 inde-

A -; itIc app l~catLon of our theorv Is the pendent of the temperature. The hrladenLng
factor of the D.F. Is proportivntl to distanceimport;nt cas,.. (b. LLLstc transpurt) of steady-

,Cat*..and fitviJ-troe spatiaL ditfusion of isn -n-In-
r Ln~e..tcd at hi envrgy. I n 4. 1 , b., and is 4Lven hv r v It is an n-

rel..ix.tlo t ci an r.'nvenuri.'tic distribution creasintg function of the tcrnpkrLtur. It i-
se...n that af1 ter in infin ite distance from thyIan.l t in I). F.) *,i'ruxizated by aI -:'unti,.n it1 origlin, ty~ h.F. r'.aiits Its equilibriuam pro. i I.

so-i, ijit[. , s'si tion x it Is shown tor ag
.,r.,, [ ., , :.r , cic v. h v .v ,.,lut ,n , , : e From Eq. t he ..,u iLibr ian D.F. i. c zl'vn t0y

.J.. IV r, I,. ~r bed ,s !:.,I lows,'. I n Ei.1 I I ,

th ' i.!. 'ir' i wii. .ik'd .it ' , ten I

O. ;N-4.i.; .1.3 tO(N) 0000. 503X.0) (0 1' 3 %orth.h'illand
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Energy-diffuion equation for an electron gas interacting with polar optical phonons

5. P. Leburton and K. Hms
Deprtment of Electrical Enginering Uniwaslty of Illinois, Urbana, Illinois 61801
and Cordlnated Science Labomatory, Univrsity of Illinois Urbana, Illinois 61801

(Received 14 May 1982)
We present a novel method to solve explicitly the Boltzmann equation for highly enera-

ic electrons interacting with polar optical phoeans and scattering mainly in the forward
direction. In this approach, the collision integral of the Boitzmann equation is reduced to a
diffenmial operator which is much easier to manipulate than the integral form and does
not require a relaxation-ime approximation. The relaxation of the distribution function
with time as well as the spatial evolution of highly energetic electrons are calculated and
closed-form expression for the distribution function are liven. In both cases the behavior
of the electron distribution is characterized by two fundamental parameters: a drift factor
which represents the net rate of phonon emission, and a broadening factor which is propor-
tional to the latter and also to time and distance.

I. INTRODUCTION d -e0
dt - vE- - - , (Ib)

The theory of high-field transport in semicon-
ductors is closely related to the solution of the
Boltzmann equation for high carrier energies.' Ow- where and e are the averagd e and the zero-field
ing to its complexity (integro-differential equation), eltu, respectively, u is the drift velocity, E the
the Boltzmann equation cannot be solved explicitly, electric field, m the effective mass, and and r.
In the pest two general methods of approximation are the empirical momentum and energy relaxation
have been proposed. The first relies on the concept times.
of electron temperature and assum Maxwellan Th method has been subject to controversy sinceform of the somupic part of the electron distriba- the boundary~ conditions have been oversimplified
tion functiont Unfortunately, dis tibu and spatial inhomogeneities and the statistical na.mto upieon l y totunae of t hi a c- ture of the charge transport have been neglect-th densities. The other methods high de- ed. 5'a Moreover, the criteria that define the mean
techniques (iterative and Monte Carlo) to solve the free ath ar often basd on the low-field andBoltznm equsdon.4 s Theie methods are more steady-state values of the physical parameters,exambut werather dineconsuing anosy are whereas the calculations are applied to high-fieldexact but aure rthe rime consuming and costly and n rnin hnmn.Tenmrclmtos
thadoe nam easily applicable to semiconductor de- and transient pheinomea. The numerical methods,
vice mod tes. Monte Carlo, etc., also have their flimitationL In

Recently, transient transport phenomena at high addition to their high cost, they cannot easily be ap-
energies have been the subject of considerable in- plied to complicated device structures.
terest in connection with "ballistic transport" in In this paper we present a new derivation of the
very short devices. The idea is that for small de- Boltzmann equation for fast electrons scattered by
vice dimensions (of the order of the mean free path) polar optical phonons (POP). This approach can be
the charge carriers suffer only a few collisions and used to obtain closed-form integrations of the
gain extremely high speeds. In the calculations Boltzmann equation even for sophisticated device
semienpirical (Newton) equations such as the fol structures, provided the electrons are injected at
lowing are often used1: high energies and the electric fields away from the

injecting barrier can be treated as perturbation. In-

d Mod jection of electrons over barriers was proposed re-
md -qE - , (1a) cently" to achieve extremely high electron veloci-

di ties over large distances. It is important in many
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ENERGY DIFFUSION EQUATION FOR AN ELECTRON GAS INTERACTING WITH POLAR OPTICAL
PHONONS: NON-PARABOUC CASE

J.P. Leburton, J. Tang and K. Hess

Coordinated Science Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL 61801, U.S.A.

(Received 19 Augst 1982 by J. Tauc)

A novel method previously presented to explicitly solve the Boltzmann
equation for highly energetic electrons interacting with polar optical
phonons is improved in order to take into account the non.parabolicity of
the conduction band. For the case of field free spatial diffusion, the carrier
velocity is compared with Monte Carlo simulations. For GaAs the agree-
ment between the analytical and the numerical method is quite good at
77 and 300 K. Also, the results derived for a parabolic band structure show
a strong overestimation of the carrier velocity.

IN A PREVIOUS PAPER [1], we presented a novel We restrict our considerations to scattering pro-
method to explicitly solve the Boltzmann equation for cesses in the central F-valley and assume that the con-
highly energetic electrons interacting with polar optical duction band is isotropic, omitting any consideration
phonos (POP). This approach is based on the consider- of the satellite valleys. This approximation is reasonable
ation of forward scattering - i.e., with conservation of for energies below approximately 0.3 eV in GaAs.
the electron momentum direction - due to the electron- The non-parabolicity of the band is taken into
POP interaction it high energy. The collision integral of account through the relationship between the electron
the Boltzmann equation is reduced to a differential wavevector k and its energy e
operator which is much easier to manipulate than the tx2k2
integral form. and does not require a relaxation time - = e( I + (e) (1)
approximation. mh

In the past similar methods have been applied for where in agreement with Ehrenreich's theory [81
both polar (2, 31 and non-polar optical scattering [4,
51. These phenomenological approaches are restricted to X " - - -- (2)
energy space and the distribution function obtained by e(
these methods is only a function of the carrier energy, - Here e. is the energy pp and m and mo are the effective
not of the crriermomentm. Outpresent method is mass and the free electron mass. respectively. In non-
more general because the differential operator for the degenerate statistics, the collision integral for electron-
POP scattering is directly derived from the Boltzmann POP interaction takes the form
equation at high energy. Hence we do not introduce any r.
assumption on the form of the distribution function ePo. f a (& ik
which contains mote information on the transport (l- -Y) (2m) 1k _-kT l6(e -e -hw)

properties (the streaming effect for example) than a .da'
distribution defined in energy space only. 4 6(e' - e + hw)j -f(k) l-

The differential nature of the collision operator. Ik-k'l2

which is similar to a Fokker-Planck equation. is well 1
adapted to treat the stochastic processes of non- X [8(e' -e + h1W) +',6(e' -e-- I)IJ (11W
equilibrium phenomena [6]. In this respect. this method wihere
appears to be a better approximation than previous
theories which exclude statistical consderations as well 7 exp
as realistic boundary conditions (ballistic transport I 1

theory) [7]. On the other hand. it is less costly than Ihere a is Frohliclhs electron -phonon coupling co'n-
numerical simulations and therefore is easily applicable stant and w. is the POP frequency [91. In the ftorward
to semiconductor deAice models. scattering approximation (11. we obtain

The basic derivation has been presented before I ll
assuminq a parabolic band. The importance of including Mte' -e hw)
the nonparaboliclty for high energy processes is obvious. 1k' - kl2
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Investigation of Transient Electronic Transport
in GaAs Following High Energy Injection

JEFFREY YUH-FONG TANG AND KARL HESS, MEMBER, IEEE

Auwr-We mest ome. caio tdailam d the im at be- by Ruch) to simulate injection over a (hetero)barrier. The
bsle of decaoum bjectled into GaAs at NOjh e9e,1. mad edmId electric field is chosen to be constant over the whole distance
(dAuedsaftd) by eaamat dectrie fsde. Our cdcdiam diw fro of the simulation, in contrast to the choice of the self-consis-
palmF nucaCUSltub due to ,e inclos o ' 3 - beedlstrtm tent field by Shut (3]. The reason for this is the following:

M.N ( * viaP aewoad) meu a s ,1 amwot heatama rrw Within the CFW, the electron velocity does not vary strongly

inliaam-fem wimow" (CMFW) eIs wilt repet to pem.e. so* over the device length because the electrons are already injected
* the exam d cIle f dd, the Injectim meuf the exteal voltaps, at high velocities (in contrast to the cases considered by Shur).
ad the SUmlk ductmt dumeiom. Wl ths ~,~lp d~80e- Therefore, the carrier concentration is rather constant and the
10e- vdoilt41u t-ax 0o ean/ stM be ahWed over ditae o electric field induced by the carriers is of minor importance.tO"' cm ia emitter (sose)- sad busWeb stauctm. Voltag (Aldd)

pumetua typIcal f the ealcto, (dab) e far ouvelda the CFW ju In all other respects our calculation is standard. We do not
allow omy for muc, mduced (by a (otw of -10) deu-m vdoltts, include the intracollisional field effect [71 because it would
We abo d thwmad maie In "bdi dskIc" aed show that the greatly complicate the computations. In the CFW it also
ale -UV t IUmprtWm m be @xmdh~7 Iht. would make only minor contributions since the electric fields

in this window are small.
With respect to device applications, the result of the calcula-

I. INTRODUCTION tions can be summarized as follows: On a length scale of 1000
CINCE THE FIRST calculation of transient electron trans- A, emitter (source)- and bae-like structures may show effects
2)port in short-channel FET's by Ruch [11, overshoot phe- typical for collision-free transport (if carefully designed);
nomena of the electron velocity on very short time and length coilector(drain)-like structures will not.
scales have attracted considerable attention [2J-(S]. Shur
[31 and Shur and Eastman (S) added features of space charge H. PHYSICAL'MODEL AND METhOD OF COMPUTATION
limited conditions to the velocity overshoot. They investigated
the initial transient and called it the "near baltfic" rem. A discussed above, we consider hi h energy electrons injectedThe term "bauistic" is difficult to define and Is currently into Ga. s (e.g., from M~xGa,.xAs or 6-like electric fields
applied to a wide nge of device ptaraeters and imently created by spice-charge layers). The transition is assumed to
Investiatio in (31 and ( ind icameter diens " be abrupt, i.e., the electron pins the kinetic energy AE and a
transport over arger distances (1000 A), achievable, neceui- forward momentum AN when transferring to the GaAs with-

tates injection of electrons at higher energy. High energy out any enerd losses.
injection was also discussed by Hess [61 for low temperature As illustrated below, the calculations of the self-consistent
transport free of scattering events over extremely Imp distan field resulting from external voltas and electrbn redistdbu-
L 10-4 cm (for dectron energies below 0.036 V). tiwo in the GaAs is a difficult problem and depends on many

The criteria for design devices and choosing materiab rich details, most importantly:

that high transient speeds can be advantaeously achieved using i) the boundary conditions of the injection,
high energy injection ar the key issue of this paper. We ,) the statistics of electrons and impurities in the GaAs,
approach the problem by a Monte Carlo simulation which Il) the level of injection, and
includes the details of the band structure as calculated by the iv) the velocity distribution and the injection energy.
empircal pseudopotental method. The electron is started at Let us assume that our device is short in the x-direction but
higher energy values (not at the bottom of the band as done rather wide in the y-direction. We then can still define average

quantities such as the density of electrons in a meaningful way
Mmescript wue Marih 15, 1982; revised July 26, 1962 FaSdll and use a continuum picture as follows: If the distribution

mappeff for thil work wee provded by thl US. Army Reaech Me
=ad thi Electrmi Teceoke uA D ie Ladmmy, Fan Mae- function it denoted by fwe define electron density
mouth, RI.

J. Y.-. Taig was with te Departmnt of Ekcta Enauift mad
the C.,ordinated Scicue Laborstory, University o Illuols. Urbm. IL
61801. He is mow with Thoae I. Watso. Reuatcb Laboratory. York- a(x) 2 d f
towa Herhts. NY 10598. (2w)'LJ* f.

K. IW is with the De artmnt of Electrical Eis'teerA the
Courdiaawd Snrege Laboratory, Univer ity of Ilnoios Urbnm. IL
61801. or the current density as
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ABSTIRACT

As analytical model of hot eleetron transport over planar-doped-barriers

is presented. For long diodes the electronic cnrent is of slow diffusion-like

nature (1 0.2 pm). For short diodes a OJet-strem solution" for the current

has bosn obtained by solving the Boltzmann transport equation explicitly. Our

model is directly applicable to Gaks for bare-ir heights below the L valleys

and confirms the possibility of speed enhancement of such diodes in a limited

range of bias-voltage sad batrier Sooe try.
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Wkt TRANSIENT TRANSPORT AND TRAISFERRED ELECTRON BEHAVIOR IN GALLIUM ARSENIDE
0 - UNDER THE CONDITION OF HIGH-ENERGY ELECTRON INJECTION

cation
" W G. J. lafrate and R. J. Malik
.-m .'Rl US Army Electronics Technolony and Devices Laboratory (ERADCOM)
114 Fort Monmouth, New Jersey 07703

and

-- ell 3n. Y. Tang and K. Hess

;a o Department of Electrical Engineering
and the Coordinated Science Laboratory

University of Illinois
Urbana, Illinois 61801

(Received 17 August 1982 by A. A. Maradudin)

The dynamics of transient transport and transferred electron behavior
are studied under the condition of high-eneray electron injection. This
study makes use of a 11onte Carlo simulation with the unique inclusion of
realistic band-strurure as derived from an empirical pseudopotential method.
The r-L-X valleys are implicitly coupled, thereby permitting the study of

met, transferred electron behavior in a natural way. The details of the r-L-X
intervalley electron transfer characteristics are presented showing, for the
first time, the dynamical interplay between the X and L valleys. It is

M & readily seen from our results that electron transport in gallium arsenide
(1968). reouires a multivalley description; in addition, the onset of intervalley

electron transfer is shown to depend strongly upon the electron injection
energy.

1970). allium arsenide electronic devices with tween the X and L valleys. It is readily seen
:ransit lengths in the submicron and ultrasub- from our results that electron transport in gal-

-) - -cron regions are coming to fruition due to the htum arsenide generally requires a multivalley
advent of 14BEI' 2 and MOCVD. 3  The intention of description; in addition, the intervalley elec-
t.4is study is to describe a variety of transient tron transfer is also shown to be strongly depen-

-m. fl transport characteristics pertinent to gallium dent upon the electron injection energy.
arsenide, such as high-speed transport resulting The transport properties described herein
from high-energy electron injection, and the dy- were obtained by means of a Monte Carlo simula-
namics of transferred electron behavior. tion. The details of the calculations, to with-

The transport properties described herein in a few minor adjustments, have been discussed
are obtained by means of a Monte Carlo simula- elsewhere; 4'5'6 therefore, an in-depth discussion
tion. The 1onte Carlo method utilized in this of the simulation is omitted here. In general,
;aoer is unique in that it includes a realistic the calculation makes use of the following as-
band-structure as derived from an empirical sumptions:
Pseudopotential method. In this simulation, the (I) The electrons propagate between scat-
;-L-X valleys are Implicitly coupled, thereby tering events in accordance with the equations
ermitting the study of transferred electron ef- of motion
'ects in a natural way. *

It is found that the transient velocities bi eE (1)
:¢hievable in gallium arsenide can be quite
"re (3 -10 X 107 cm/sec); however, achievement and

:uc.h hiqh velocities is shown to depend sen- I CM (2)
.i.vnly upon the electric field, the injection ,F
..W. and the transit distance. For devices,
." !y are currently understood, we show that Here E, the applied electric field, is constant
nepds can be achieved only in base- in space and time, and is assumed to be turned

.-*!crre emitter-) like structures; it is noted on instantaneously; also, c(i) is the energy-
,? n collector- (drain-) like structures the band dispersion relation calculated by the em-

."-: ent hih-voltaoe drops do not permit pirical pseudopotential method," but with proo-
" nlfe"station of high-velocity (above satu- erly adjusted r-L-X intervalley spacings (0.33eV

"inn-volocity) transport, and 0.52eV, respectively).
#o, ,In discuss In detail the r-X-L inter- (i) Polar optical scatterinoacoustic de-1 l'w ,,l-ucron transfer characteristics showina, formation potential scattering, and intervalley

ie frst tire, the dynamical interplay be- scatterlnq raechanisms are taken into account;
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ADSTRACT

Transient transport of electrons in ZaP is studied under the condition of

high-energy electron injection. This study makes use of a konte Carlo

simulation with the uniqse inclusion of realistic band-structure as derived

from as empirical pseudopotential method. The results obtained herein for laP

are qualitatively similar to those previously obtained by the authors for

GaAs. Quantitatively, it is found that ultrahigh electron drift velocities

(a 10 em/se.) persist for much higher electric fields and over much longer

distance of electron traversal in IaP as compared to GaAs.



Monte Carlo Simulation of r-n' Contact Behavior
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ABSTRACT

We present a Neste Carlo simulation of the behavior of a collecting n-n

contact in Inp. Electrons are injected at high energy into the IsP and are

accelerated by an applied electric field over a length of - 1000 1. At the

collecting contact they encounter a possible reflection back into the device.

The reflection coefficient at the contact is chosen to vary between 0 and

0.70. The results show that the average electron drift velocity is greatly

lowered at low fields throughout the entire device by the reflection at the

contact*
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High Field Transport in GaAs. UaP, and InAs

Kevin Breusan and Karl Hess

Department of Ehictrical Engineering and
Coordinated Science Laboratory

University of Illinois at Urbana-Champailn
Urbane, IL 61801

ABSTACT

Calculations of the steady state and transient electron drift velocities

sad impact Ionization rate are presented for GaAs, InP, and InAs based on a

Monts Carlo siaulatiol using a realistic band structure derived from an

empirical pseudopotential. The impact ionization results are obtained using

collision broadening of the Initial state and are found to fit the

experimental data well through a wide rase of applied fields. In lUP the

impact ionization rate is much lower than in GaAs and no appreciable

anisotropy Uas been observed. This Is due in part to the larger density of

states in I P and the coreesponding higher elotron-phonon scattering rate.

The transient drift velocities are calculated under the condition of high

energy njection, The results for lWP show that higher velocities can be

obtained over 1000 - 1500 1 devise lengths for a moh larger range of

lauehing euergies and applied electric fields than in GaAs. For the case of

-s, due to the largo impact ionization rate, hih drift velocities can be

obtained sine the ionization acts to limit the transfer of electrons to the

salellite mnima. In ske oabence of impact ionization, the electrons show the

usual runaway effect and transfer readily occurs, thus lowering the drift

volosity substantially.
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STheory of hot electron erisslon from silicon Into silicon dioxide
J. Y. Tange) and Karl Hesn
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(Received 4 April 1983; accepted for publication 1 June 1983)
We present Monte Carlo simulations of the hot electron emission from silicon into the oxide of
metal oxide silicon transistors. The calculations include the pseudopotential band structure and
quantum effects such as collision broadening due to the electron-phonon intercton As a result,
we Present a set of transport Parameters which well describes all hot electron effets in silicon
(including saturation velocity and impact ionization). We also show that the collision broadening
effect leads to an effective barrier lowering and may require that voltages be scale down far below
the interface barrier height of - 3.1 V in order to avoid hot electroni emissio.
PACS numbers: 72.20.Ht, 72. 1O.11g, 85.30.Tv, 73.40.Qv

L INTRODUCTION face. The umrt of rs Wthat doom ovemem the inter.
Electronic transport in the Si/SiO2 system has been face barrier are collected and gm ns to source and drain

studied extensively because of its important role in silicon currents Jo,. The carriers that oam= the barrier contri-
device technology. One of the most intriguing problems of bute to .the gate curren l, if they are= nottapped in the
hot carrier transport at the Si/SiO2 interface has been the silicon dioxide layer. Dy inmurmg the gate, the source, and
emission of hot electrons or holes fr-om. silicon into Si0 2 ' the drain currents, the absolute eminion probability can be
Various experiments have been performned to study this ef- obtained from
fact. From our viewpoint, Ning's experimental setup is the
most interesting. Ning et al.35 ' measured the absolute emis- P= - 6 16-1
sion probability of electrons which were optically generated -. 210
in the silicon depletion layer and accelerated toward the Si- where 1,, 2.J,0 is the total current from the substrate.
SiO2 interface. Past models explaining the emission process The doping Profile in the silicon substrate can be ap-
involved many simplifying asumptions, for example, an en- proximated by a Gaussia distribution
ergy independent mean free path and a parabolic band struc- ,
ture. At energies of 3.0OeV above the conduction band edge, NA W~ - No + Co exP(~ - Le)(2)
the band structure is, of course, highly nonpalabolic. Trans- where x is the distance from the Si-SiO 2 interface, N5 is the
port at energies at which the emission takes place must also
consider different valley types (XL) and more than one con-
duction band.7 Moreover, impact ionization definitely plays Light
an important role.

It is the purpose of this paper to present a Monte Carlo

simulation of the hot electron emission process which in-
collision broadening It will be shown that the collision broa-
dening effect itroduices an ebeixtv barrier lowering which
is imiportant for considerations of "scalin away- the' hot
electro efect.(0

IL SUMMARY OF XEIMNA RESULTS
The device used by Ning or aI.s were n-channel polysi- ih

liCon-SiOVS Aded-effect transistors. Electrons are optically
geneafted and injected into SiO 2 a illustrated in Figs. I1(a)
and 1(b).' Sourcet and drain were grounded, a negative bias------ -

wa applied to the substrate, and a positive bias was applied
to the gate The advantage of this arrangement is that the solt --------
gpie voltage and, the substrate voltage can be varied indepen- oysia
dandy. Opticailygeneraled, eerons which diffis into the Got@ (b
depletion regioun are accelerated toward the Si-SiO2 inter.

at Am . IBM Rameh Cowte. Yorktown Keighms Now York FIG. I. Eiiperinn. al arrmangmet l and schemati bmnductiure.
10"I. Stamn IbIdeining the hot electron emisnion from silicon into silicon dkW&de
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ABSI"ACT

To present a Monte Carlo simulation of electronic transport in no forms

of GaAs-GalA~s heterostructuros designed for achieving high drift velocities.

Average electron speeds of - S.0zl07 am/see through an entire structure length

of 0.5 pm have been calculated. This represents a marked improvement in speed

over a single barrier emitter structure. The basic physical principle is the

following: the electrons are confined to the Sants valley by losing excess

kinetic energy Sained fromt an overlaid accelerating field. The mechanism for

the energy lose is a series of ascending potential steps. In this way

transfer to the subsidiary minima is avoided and very high velocities are

possible. Paradoxically, this means that because the electrons lose kinetic

energy their velocity remains high or actually increases.

I Wim~
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